Facile, cost-effective, and manufacturable techniques to create single-nanowire based devices with good electrical interconnects is demonstrated by combining template directed electrodeposition, magnetic assembly, and a post-annealing in a reducing environment. Nickel nanowires with a diameter of approximately 30 nm were electrodeposited from low-stress nickel sulfamate baths at room temperature using in-house made anodized alumina as a nanotemplate. After electrodeposition, nanowires were released from the template, efficiently positioned, trapped, and assembled on ferromagnetic electrodes using the magnetic interaction between the nanowires and the electrodes. By annealing the interconnect in a reducing environment of 5%H 2 + 95%N 2 at 300 • C for 30 min, the interconnect's resistance was dramatically reduced from >10 M to 835 . Magnetotransport studies at 300 K on a single nickel interconnect with diameters ranging from 30 to 200 nm show a strong diameter dependent magnetoresistance, which might be attributed to different domain structure within the interconnect.
Introduction
One-dimensional nanostructures including nanowires, nanotubes, nanobelts, and nanosprings have been identified as important building blocks for electrical and optical interconnections in nanofabrication because of their high aspect ratios and quasi-one-dimensional features [1, 2] . These elements are appealing for integration in high-density devices, giving rise to devices that are lighter, more compact, and portable. In addition, one-dimensional nanostructures begin to exhibit unique properties that diverge from the bulk due to quantum confinement effects. For example, the bandgap of a nanowire varies as the inverse square of its diameter [3] . By controlling the diameter of nanowires, the bandgap of a nanostructure can be customized to improve the performance of optoelectrical and electronic devices.
However, exploiting the full potential of nanostructures and their characteristics has been limited by the inability to spatially manipulate and address these nanoentities [1] . Efficiently controlled assembly of nanowires into more complex networks is necessary for realizing applications such as nanoelectronics, spintronics, optoelectronics, sensors, and thermoelectric devices.
There have also been several efforts to address the nanoscale elements in ordered structures, which include during-and post-growth electric field assisted alignment [4] [5] [6] , Langmuir-Blodgett methods [7, 8] , microfluidic techniques [9] , and magnetic entrapment [10] [11] [12] [13] . Among them, magnetic alignment is comparably simple and especially effective at orienting ferromagnetic metal nanowires for local nanoscale interconnections.
Even though several papers including our prior work demonstrated the spatial manipulation and ability to assemble and position structures in a controlled manner, these demonstrations were limited to sub-micron wires (i.e. approximately 200-400 nm in diameter). In addition, only a few methods have been proposed to improve the contact between the nanowire and the electrodes [13, 18] , and these have had limited success.
In this paper, we have demonstrated the manipulation and positioning of a 'true' ferromagnetic nanowire (i.e. a nanowire with a diameter of approximately 30 nm) on prepatterned ferromagnetic electrodes. Also, the post-annealing in a reducing environment was applied to achieve low electrical contact resistance. Finally, the electrical and magnetotransport characteristics of a single Ni nanowire with diameter of 30 nm were compared to that of a nanowire with a diameter of 200 nm.
The magnetic assembly with a post-anneal could provide an efficient way to fabricate single-or multi-nanowire interconnections between electrodes with low contact resistance, which could then be utilized as local interconnections for various high-density nanodevices.
Experimental details
Anodized porous alumina was used as a scaffold with a metallic thin film on one side to serve as a seed layer. Anodized alumina is a rigid material that can withstand temperatures in excess of 600
• C and harsh chemical environments, and it can be produced with pores as small as 5 nm in diameter [14, 15] . In addition, the high density, order, and high aspect ratios of these membranes are ideal characteristics for nanowire templates. Since alumina nanotemplates with pore sizes as small as 5 nm can be created, template directed electrochemical deposition should allow fabrication of nanowires with diameters as small as 5 nm.
Alumina templates with small pore sizes (average pore diameter of ∼30 nm) were fabricated by anodization of highpurity aluminium foils (aluminium 1045, purity >99.45%). Anodization was performed in 1.8 M sulfuric acid under galvanostatic conditions [16] . With a fixed applied current density of 100 mA cm −2 , an alumina template which is ∼40 µm thick and has an average pore diameter of 25 nm was obtained after 45 min of anodization (see figure 1) . The porosity of the alumina nanotemplate was ∼21.3%. The remaining aluminium was chemically removed in 0.1 M CuCl 2 + 20 vol% HCl solutions. Then the thin aluminium oxide barrier layer generated during anodization was etched with 0.3 M H 3 PO 4 solution for 30 min at room temperature. After the pore widening process, the average pore diameter was approximately 30 nm.
Nickel nanowires were synthesized using templatedirected electrodeposition, an approach pioneered by Martin [14, 15] . The fabrication steps to synthesize Ni nanowires are shown in figure 2. To act as a seed layer for growing Ni by electrodeposition, a Cu thin film, approximately 500 nm thick, was deposited on the backside of the template via sputtering with a Emitech K550 table-top sputter (figure 2(a)). The template was fixed to a glass support with the seed layer face down using double-sided conductive copper tape. The entire sample, except for the middle of the template and the end of the copper tape lead, was masked with a commercially available dielectric material (Microstop, Pyramid Plastics). The nanowires were deposited galvanostatically (constant current mode) with the template serving as the cathode ( figure 2(b) ). The electrolyte composition was 0.91 M Ni(H 2 NSO 3 ) 2 + 0.10 M H 3 BO 3 + 30 ppm HCl, and Ni was deposited with a current density of 10 mA cm −2 using a potentiostat (EG&G PAR VMP2 multi-channel potentio/galvanostat) without agitation. The pH was held constant at 4 by adding either sulfamic acid or NaOH. An insoluble Pt coated electrode was used as the anode. The length of the nanowires was controlled by adjusting the deposition time at a given current density. The template was removed from the substrate by detaching the copper tape lead and sonicating the glass support in acetone for approximately 10 s. The alumina template was sonicated again in clean acetone and then isopropyl alcohol for another 10 s to remove the copper tape conductive adhesive residue. The seed layer was removed from the template using either 50 mM FeCl 2 + 30% HCl or 10% HNO 3 etchant ( figure 2(c) ). The template itself was then dissolved in 5 M NaOH solution for 8 h at 60
• C. The nanowires were washed with water and isopropyl alcohol three times each, and the nanowire suspension solution was centrifuged to collect the nanowires between each washing. Finally, the nanowires were suspended in 1 ml of isopropyl alcohol ( figure 2(d) ). The resulting nanowire suspension was highly concentrated and required a subsequent dilution of up to 1000 for alignment trials.
Ferromagnetic Ni electrodes were microfabricated using standard lift-off lithography. Parallel Ni electrodes were primarily used, but alignment with other geometries will investigated as well [12] . After placing the ferromagnetic electrodes in an external magnetic field provided by a 720 G permanent magnet, one drop of solution containing Ni nanowires was dispensed on top of the ferromagnetic electrodes ( figure 3(a) ). The nanowire was attracted to the electrodes by the magnetic force ( figure 3(b) ), leading to an attachment of the nanowire to the electrodes ( figure 3(c) ). Ni nanowires, which have a magnetically easy axis parallel to the nanowire axis because of comparably stronger shape anisotropy than crystal anisotropy, could be an efficient material for magnetic alignment [17] .
After magnetic alignment of the nanowires, the substrate was examined visually with a digital optical microscope (Hirox KH-3000) and was then imaged by a scanning electron microscope (SEM, LEO). Approximately 20 nm of Au/Pd were deposited on the samples to minimize charging during the imaging.
Electrical characteristics were investigated by acquiring the I -V curve with a semiconductor parameter analyser (Agilent, Inc., 4155A), and magnetotransport studies of Ni interconnects with 30 and 200 nm diameters were performed at 300 K with a physical property measurement system (PPMS) from Quantum Design.
Results and discussion
As shown in the TEM image in figure 4 , Ni nanowires with average 30 nm diameters were obtained after removing the template. Even though several fringe patterns are visible in one part of the nanowire, most regions show very low crystallographic defects, which could enhance the electrical and physical properties of the Ni nanowire structure.
During magnetic assembly, positioning of the nanowires on the substrate was dictated by the interactions between the nanowires and the ferromagnetic contacts. When the length of the Ni nanowire is less than or equal to the gap distance between the electrodes, the nanowire preferentially aligns adjacent to the Ni electrodes as opposed to on top of them. When the length of the nanowire is greater than the gap between the electrodes, the nanowire aligns on top of the electrodes. Figure 5 shows the SEM image of a single 7 µm long Ni nanowire bridging the electrodes.
Post-annealing in a reducing environment was investigated as a simple way to improve electrical contact. Electrical characteristics of the magnetically aligned nanowires were investigated before and after 30 min of annealing at 300
• C in a reducing environment (i.e. 5%H 2 + 95%N 2 ). As shown by curve a in figure 6 , the resistance of the Ni nanointerconnection was very high and exceeded 10 M after assembling the nanowires on Ni electrodes. The resistance of the Ni nano-interconnection is the summation of three contributions: the bulk resistance of the 30 nm diameter Ni nanowire, the contact resistance at the interface between the Ni nanowire and the electrode, and the lead resistance. Of these, the last one is comparably small and the bulk resistance of the Ni nanowires can be determined using their intrinsic properties. Therefore, the total resistance must be dominated by the contact term, which must be influenced by an oxide layer on the surface of Ni nanowire and other insulating residue remaining after nanowire preparation and assembly. After annealing in a reducing environment, the Ni nanointerconnection shows a metallic I -V characteristic with a dramatic reduction in the resistance from almost insulating to 835 as shown by curve b in figure 6 . This means the contact resistance was significantly reduced by annealing in reducing environment.
Based on the dimensions of the nanowire and the I -V characterization, the electrical resistivity of a 30 nm Ni nanowire was calculated to be 11.8 µ cm at 300 K, which is comparable to bulk high-purity Ni (6.8 µ cm), electrodeposited Ni thin films (∼10 µ cm) [19] , and evaporated Ni nanowires on a V-groove InP(001) substrate (∼18 µ cm) [24] . The improved contact might be attributed to either the removal of an undesirable surface oxide and other electrically insulating residue that exists at the interface between the nanowires and the electrodes or the interdiffusion of Ni atoms across the interface.
Unlike other reported magnetotransport studies on multiple nanowires [19, 20, [22] [23] [24] , or single nanowires in templates [25] , our method enables us to assemble a highaspect-ratio single nanowire on pre-fabricated Ni electrodes with good electrical contact. These structures allow us to investigate 'true' magnetotransport properties of a single nanowire without the dipolar interactions between wires. Magnetotransport of isolated Ni nanowires with diameters of 30-200 nm were performed to investigate the size dependent magnetoresistance (MR) of these structures. The magnetotransport studies were conducted at 300 K in both longitudinal (applied magnetic field is parallel to the current) and transverse (applied magnetic field is perpendicular to the current) configurations using the PPMS with a constant dc current of 100 µA. Figure 7 shows the change in electrical resistance with applied magnetic fields for Ni nanowires with a diameter of 30 nm (a) and 200 nm (b).
Expressed as a percentage, (MR) and (MR)
respectively. The general qualitative trend of the MR follows the conventional anisotropic magnetoresistance (AMR) seen in bulk Ni where a negative MR is observed in the longitudinal direction and positive MR is observed in the transverse direction. However, the magnitude of the MR strongly depends on the diameter of the nanowire. As shown in figure 7(a) , the transverse and longitudinal MR of a single Ni nanowire with a 30 nm diameter is approximately 2% and less than −0.1%, respectively, whereas the MR of a single Ni nanowire with a 200 nm diameter is approximately 1% and −1% in transverse and longitudinal directions, respectively. Notice that these are comparably higher than that found for thin Ni films (MR = ∼0.18% and MR = ∼0.1% at room temperature) [27] .
The origins of size dependent MR have been hypothesized by a few groups [21, 22] . Li et al [21] have fabricated vertically aligned multiple Ni nanowires within a nanotemplate and observed the rotation of the magnetic easy axis from the longitudinal to the transverse direction. They speculated that the magnetic coupling between the nanowires in close proximity to each other was the main cause of the anisotropic magnetization for the different sized nanowires. Liu et al [22] also fabricated vertically oriented FeNi nanowires within an alumina template and observed an increase in the parallel coercivity of FeNi alloy nanowires as their diameter is decreased. Since our Ni interconnect is based on a single Ni nanowire parallel to the ferromagnetic electrode, the effect of magnetic coupling between nanowires is not present.
The size dependent MR can also originate from magnetic anisotropy (i.e. shape, magnetoelastic, and magnetocrystalline anisotropy). In order to quantify the contribution of shape anisotropy, we employed a prolate spheroid model to calculate the diameter dependent shape anisotropy (K S ) for nanowire geometries [26] . The calculated shape anisotropy of Ni interconnects with 30 and 200 nm diameters and 5 µm in length indicates that the shape anisotropy is almost independent of nanowire diameter for our high aspect ratio Ni interconnects. For 30 nm diameter with an aspect ratio of 166, K S ∼ 9.4 × 10 5 erg cm −3 , while for 200 nm diameter with an aspect ratio of 25, K S ∼ 9.3 × 10 5 erg cm −3 . Therefore, shape anisotropy is probably not the main factor in the size dependence of the MR. Magnetocrystalline and magnetoelastic (stress) anisotropy can also influence magnetic anisotropy of nanowires [24] . However, since both Ni nanowires were electrodeposited from the same electrolyte and deposited under the same conditions with the same seed layer and alumina nanotemplate, it is unlikely that the crystallographic structure of nanowires changes with diameter.
Another mechanism that can cause the change in MR might be changes in the magnetic domain structure of the nanowires. For the 30 nm nanowire, MR varied less than 0.1% in the longitudinal direction, which indicates that a single domain was easily established over the entire length of nanowire when a small magnetic field is applied, and the system keeps its magnetization along the longitudinal direction through the magnetization reversal process (see figure 7 (a)) [23, 24] .
In the case of the 200 nm diameter Ni nanowire, it is unlikely that a single domain is present. Because of the larger diameter, transversally and longitudinally magnetized domains could coexist at zero field, similar to bulk Ni.
Conclusion
Magnetic alignment of a single Ni nanowire with 30 nm diameter between ferromagnetic electrodes has been demonstrated. The magnetic interactions between the nanowire and the ferromagnetic electrodes were shown to direct the placement of the nanowire on the electrodes. Initially, a single Ni interconnect bridging two electrodes shows high electrical resistance (>10 M ); however, this resistance was successfully reduced to 835 by post-annealing in a reducing environment, which clearly demonstrates that low-contact-resistance nanoscale local interconnects can be achieved with magnetic alignment and an appropriate post-anneal process.
Magnetotransport studies at 300 K of single Ni interconnects with 30 and 200 nm diameters show a strong diameter dependent magnetoresistance, which might be attributed to different magnetic domain structures within Ni nano-interconnects.
Magnetic assembly followed by post-annealing is a simple way to create nanodevices in a cost-effective manner. The applicability of this assembly method lies in the nanowire synthesis technique, which can facilitate a variety of functional materials for the midsection for use in numerous devices including nanoelectronics, nano-optoelectronics, spintronics, and sensors. The versatility of this approach is based on the high controllability achieved by varying magnetic field strength and electrode design architecture, showing great potential for aligning both high-density interconnects and individually addressable single interconnects.
